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Abstract Traffic assignment is a step of travel demand estimation. Given a trip origin–destination demand
matrix, this step determines traffic flow in each link, according to assumptions based on the behavior
of drivers. Conventional assignment algorithms, which are mostly based on the Wardrop first principle
of user equilibrium, assume that all drivers choose the shortest path to the destination, based on the
same travel time computed by travel time functions. However, in reality, driver perception of travel time
varies for a specific route. This paper presents a traffic assignment algorithm which assumes that driver
perception of travel time affects route choices. Fuzzy set theory is used to define travel time perceived by
drivers. A fuzzy equilibrium is suggested for the prediction of network flows. Next, a Fuzzy Incremental
Traffic Assignment algorithm (FITA) is developed to utilize route Perceived Travel Time (PTT) for reaching
the suggested fuzzy equilibrium. The FITA is used for a real network traffic assignment in Mashhad, which
is large city in Iran. Traffic flow that is estimated by a FITA and by conventional algorithms is compared
to real observed volumes, which indicate that a FITA is more accurate than conventional traffic flow
estimation algorithms.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Traffic assignment algorithms are processes used to deter-
mine network flow in travel demand estimation procedures.
Existing assignment algorithms are mostly based on the User
Equilibrium (UE) principle, assuming that all drivers choose the
shortest paths to their destinations. The UE states that travel
times in all used routes between each origin–destination are
equal, and less than those of unused routes. In fact, this assump-
tion supposes that drivers have the same travel time inmind for
each route. In reality, however, drivers use their perception of
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Open access under CC BY-NC-ND license.travel time to choose their routes to destinations. These per-
ceptions usually vary for different drivers, because they have
different experiences and reasoning systems in their mind.
Perceived Travel Time (PTT) is defined as a value that has
a specific possibility among a range of travel times for one
specific route, as perceived by each driver. This results in an
uncertainty when PTT is used for a traffic assignment. This
uncertainty originates from different perceptions of drivers;
thus, an appropriate tool, which can take this phenomenon into
account, should be used to define PTT. Fuzzy set theory is an
appropriate tool to deal with uncertainties imbedded in human
perception [1], and this research uses this theory to define PTT.
Many recent research studies have used fuzzy set and
possibility theories in transportation studies [2,3], especially
in traffic assignment, to consider uncertainties in the process
of route choice. These studies can be divided into two main
categories: fuzzy rule base and fuzzy arithmetic assignment
models. The former models have been extensively investigated
by Lotan [4] and Lotan and Koutsopoulos [5]. Lotan supposed
that drivers get information about their routes while on
their trips and then choose the most appropriate. In addition
to Lotan’s findings, Teodorovic and Vukadinovic [6] also
presented a fuzzy assignment model. They assumed that driver
information about travel time in network links is imprecise
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based on subjective deductions. According to this deduction,
drivers develop a specific preference to the selection of any
route, and this preference may be weak or strong. A fuzzy
inference system including a rule base is generated using the
preference concept. Murat and Uludag [7] used the fuzzy logic
and logistic regressionmodels to construct a route choicemodel
of a transportation network in a specific area.
Henn [8] utilized fuzzy arithmetic to consider uncertainty
in traffic assignment. The basic idea of the Henn assignment
model is the accurate presentation of imperfections that exist
in route choice processes. He believed that drivers actually
have no exact ideas about the cost of a route (route travel
time), but that they do have some approximations about
the cost. Henn divided the route cost imperfection into two
categories (imprecision and uncertainty), and stated a means
for their consideration. Similar to Henn’s research, the work
by Shafahi and Ramazani [9] proposed a model that is
sensitive to driver behavior. They presented a special method
to generate travel time Membership Functions (MFs) and also
a comparison method to select the shortest path. Chen and
Tzeng [10] suggested a fuzzy travel time function based on a
possibility concept, and the techniques of fuzzy measures and
integrals were applied to compute the subjectively perceived
travel time during traffic assignment. Ridwan [11] proposed
a fuzzy preference for travel decisions that considered the
spatial knowledge of individual travelers. The author believes
that some travelers with non-maximizing behavior should be
accounted for in traffic assignment, because travelers do not
or cannot follow maximizing principles in route choice. Ban
et al. [12] used a fuzzy measure to compare route travel times
and the route choice process. Chang and Chen [13] formulated
a link-based, fuzzy, and user-optimal route choice problem.
They assumed that travel times are fuzzy numbers and therein
defuzzified travel times via the use of a weighted average
method. In this context, they defined fuzzy user equilibrium
and developed an assignment algorithm. Wang and Liao [14]
assumed that elements of a node and arc (N–A) incidence
matrix are fuzzy numbers instead of binary numbers, and they
developed an algorithm to reach user equilibrium, assuming
that travel time and demand are crisp (non-fuzzy) numbers.
Ghatee and Hashemi [15] assumed a fuzzy level of travel
demandwherein a fuzzy equilibrium flow satisfies a quasi-logit
formula for the network. Arslan and Khisty [16] developed a
hierarchical hybrid model using concepts from fuzzy logic, and
an Analytical Hierarchy Process (AHP) for driver route choice.
This model estimates the driver preference allotment among
different routes as alternatives. Liu et al. [17] defined fuzzy-
perceived link travel times for dynamic traffic assignment. They
used a fuzzy shortest path algorithm to find a group of shortest
paths. Traffic was assigned to this group of paths using a C-logit
method.
This paper attempts to consider route PTTs in traffic
assignment. MFs which are used to define fuzzy numbers are
utilized herein to define PTT. The originality of this paper, in the
context of previous research, lies in that: a fuzzy application is
used to define PTT, a fuzzy equilibrium is suggested to predict
network flow, and a Fuzzy Incremental Traffic Assignment
algorithm (FITA) is developed, in which network flow reaches
the suggested fuzzy equilibrium.
In continuation, after defining the membership function for
PTT in Section 2, the route choice decision making process is
explained in Section 3. In Section 4, the fuzzy equilibrium of
network flow and the FITA are discussed. Section 5 applies the
FITA to numerical examples. Section 6 concludes the paper.Figure 1: PTT MF shape and parameters.
2. Membership function definition for PTT
Although many researchers have attempted to consider
PTT uncertainty using fuzzy concepts, no distinct process has
been suggested for building and defining MFs [18]. In fact,
MF definitions in existing fuzzy models are usually poorly
constructed. Typically, the computed travel time of a link, based
on its assigned volume, is assumed to be the center of the PTT
MF of the link. However, no papers discuss MFs at right and
left limits. The left and right limits of MFs, which depict the
uncertainty embedded in the PTT, should be more frequently
noted. In this paper, a triangular MF is considered for the
PTT to simplify the computation process. The triangular MF is
an admissible approximation of many currently utilized MFs.
This assumption will not affect the proposed fuzzy assignment
algorithm.
The triangular MF has three specification parameters: the
MF center, the right limit and the left limit. The PTT MF center
denotes the most possible travel time of a link. The right limit
indicates drivers who perceive travel time as being greater than
the most possible travel time, whereas the left limit indicates
drivers who perceive travel times as being less than the most
possible travel time. If we assume that no driver’s perceived
travel time is less than free-flow travel time, the left limit can be
the free-flow travel time. Travel time-volume functions can be
used to compute travel times and specify membership function
limits. Drivers, whose perceived travel time is greater than the
most possible travel time, expect that a larger volume than
usual passes the links, thus the expected volume is used to
compute travel time at the right limit. The left limit is free
flow travel time computed according to average off-peak traffic
volumewhen no congestion delay exists. Expected and average
off-peak traffic volumes are defined according to a ratio of
the most possible volume. Figure 1 shows a sample MF for
PTT. Therein, x stands for the most possible traffic volume that
passes a link, whereas t(x) is the travel time function. The most
possible traffic volume increases and decreases by rates (1+αr)
and (1− αl), indicating related traffic volumes at right and left
limits of the MF, respectively. t l, tc , and t r indicate the PTT at
the left, center and right limits of the MF. The travel time left
limit (t l) at minimum is equal to free flow travel time (t0), and
0 ≤ αl ≤ 1. The right limit can be a large number, depending
on link traffic congestion, and αr ≥ 0.
The PTT MF for each route is computed by the fuzzy
summation of the links’ PTT MF. For example, the PTT MF for
route K is calculated as below:
t˜K =
−
a∈K
ta [(1− αl) xa] ,
−
a∈K
ta (xa) ,
−
a∈K
ta [(1+ αr) xa]

,
(1)
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time function for link a. The advantage of using such an MF
is that it considers link capacity as an effective factor in traffic
assignment. Assume that αr is an ascendant function of the link
degree of saturation. If the link degree of saturation increases,
the right limit of the PTT MF will be bigger. In other words, an
increase in the degree of saturation enlarges PTT uncertainty.
This is because the travel time function is ascendant [19].
3. The route choice decision making process
Similar to UE and stochastic UE, here, it is supposed
that a driver chooses the shortest path to the destination,
according to his/her reasoning. While different route travel
times are assumed to be PTTs, drivers compare route PTTs
and then select the shortest path to the destination. We
assume that PTTs are compared according to Dubois and
Prade’s method (1983) [20] for ranking fuzzy numbers in the
setting of possibility theory. This method presents four indices
for comparing fuzzy numbers. Each index considers different
aspects of fuzzy numbers in comparison. Some have used
these indices before fuzzy traffic assignment algorithms [8,21].
Henn [8] has explained that different limits of MF influence
some of these indices. For example, two of these indices
were less influenced by MF left and right limits, whereas in
comparison, the rest usually consider the left and right limits.
Uncertain routes, wherein the travel times irregularly vary,
decrease route choice possibilities [18]. The selected index
should take this behavior of drivers into account. Dubois
and Prade [20] used possibility and necessity theories for
comparison. Supposing that ‘‘M ’’ and ‘‘N ’’ are two triangular
MFs, Dubois and Prade defined the four indices as below:
I1(M) = Poss (M ≤ N),
I2(M) = Poss (M < N),
I3(M) = Nec (M ≤ N),
I4(M) = Nec (M < N). (2)
Poss and Nec sequentially stand for possibility and necessity.
Schematic definitions of these indices are shown in Figure 2:
Indices I1 and I4 only consider the center of the MF in the
comparison of two fuzzy numbers. However, the other two
indices, I2 and I3, also account for MF left and right limits
that show MF uncertainties. Therefore, indices that consider
uncertainty should be utilized for route choice [21]. Index I2
selects a path with a larger left limit. In essence, this index
prefers a path that has a greater possibility of reaching the
destination sooner. Index I3 selects a path with a lower right
limit. Therefore, index I3 chooses a path with a lower degree of
saturation than that chosen by index I2 because, as explained
in Section 2, increasing the link degree of saturation increases
the MF right limit. In fact, the choice of a path with a lower
degree of saturation better mimics what happens in reality,
because a lower degree of saturation increases the possibility
of reaching the destination. Thus this index (I3) was selected for
PTT comparison [21].
Assume that M = (ml,m,mr) and N = (nl, n, nr) are two
fuzzy numbers. According to Figure 2, I3(M) is the cross-point of]N,+∞) and the right side of ‘‘M ’’ MF. Themembership degree
of ]N,+∞) and the right side of ‘‘M ’’ MF are determined as
follows:
µ]N,+∞ =

1 if x ≥ nr
x− n
nr − n if n < x < n
r
0 if x ≤ n
(3)Figure 2: Schematic definition of Dubois and Prade indices [6].
µM(x > m) =
0 if x > mr
mr − x
mr −m if m < x < m
r .
(4)
Index I3 is computed as follows:
I3(M) = n
r −m
(mr + nr)− (m+ n) . (5)
Similar to the above, I3(N) can be computed. Thus, we can find
that [6]:
I3(M)+ I3(N) = 1. (6)
4. Fuzzy equilibrium and the traffic assignment algorithm
Assume that all drivers are consistentwith similar reasoning
skills, and that they have enough experience from their
historical memories of traffic conditions. Fuzzy equilibrium is
when the used paths between an origin and destination pair
have the same PTT, according to index I3, and not when the
used path has lower I3 values, or in other words a bigger PTT
in comparison to the used path.
If ‘‘P1’’ and ‘‘P2’’ are assumed to be two used paths between
an origin and destination pair, ‘‘P3’’ is an unused path between
them and TP1 = (t lP1 , tP1 , t rP1), TP2 = (t lP2 , tP2 , t rP2) and Tp3 =
(t lP3 , tP3 , t
r
P3
) are their related perceived travel times, respec-
tively, then the following equations are true.
Two used paths have the same index, I3, for their travel times
and according to Eq. (6):
I3(TP1) = I3(TP2) = 0.5. (7)
This index for the unused path is less than the two used path
indices:
I3(TP3) < 0.5. (8)
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path ‘‘P ’’ between origin ‘‘r ’’ and destination ‘‘s’’:
f rsP .

Irs3 − Irs3 (TP)
 = 0 ∀ P, r, s, (9)
Irs3 − Irs3 (TP) ≥ 0 ∀ P, r, s, (10)−
P
f rsP = qrs ∀ r, s, (11)
f rsP ≥ 0 ∀ P, r, s, (12)
where:
f rsP traffic volume of path ‘‘P ’’ from origin ‘‘r ’’ to destination
‘‘s’’;
Irs3 the believed value of the travel time of the shortest path
between origin ‘‘r ’’ and destination ‘‘s’’ for the shortest
path based on I3;
Irs3 (TP) the believed value of the travel time of path ‘‘P ’’ for the
shortest path, based on I3;
qrs demand from origin ‘‘r ’’ to destination ‘‘s’’.
Using Eq. (6) the fuzzy traffic assignment model formulation
changes to the equations below:
f rsP .⌊

t rP + tP
− t r + t⌋ = 0 ∀ P, r, s, (13)
t rP + tP
 ≥ t r + t ∀ P, r, s, (14)−
P
f rsP = qrs ∀ r, s, (15)
f rsP ≥ 0 ∀ P, r, s, (16)
where:
t r + t summation of the shortest path’s travel time MF center
and its right limit;
t rP + tP summation of path ‘‘P ’s’’ travel time MF center and its
right limit.
The appropriate traffic assignment method is a FITA, so as to
reach a fuzzy equilibrium. Assume that the link ‘‘a’’ travel time
is a fuzzy number with three parameters (t la, ta, t
r
a). The travel
time function of link ‘‘a’’ is ta(xa), and the trip demand for the
kth origin–destination is xk. The assignment process repeats N
times, as described below:
Step 0 (initialization) — determining N , αl, αr and δ (δ = small
value, say 0.001), as well as:
n = 1, ta = t(0),
t ra = t(0)+ δ, t la = t(0)− δ.
Step 1 (assignment) — incrementally assigning origin–
destination demands for all k; xkN is assigned to the short-
est path between the kth origin–destination.
Step 2 (PTT updating) — updating the link PTT according to the
volume assigned in the previous step as below:
ta = ta(xa), t ra = ta[(1+ αr)xa],
t la = ta[(1− αl)xa],
xa= assigned volume to link ‘‘a’’.
Step 3 (stop criterion) — if n ≤ N , then go to step 1 and put
n = n+ 1, otherwise end the algorithm.
Hint 1 If the values of αl and αr are equal to zero, then the
assignment results are similar to UE assumptions with
the usual incremental assignment.
Hint 2 Like the UE algorithm, it is better to choose small initial
and final increment sizes and large middle ones.Hint 3 FITA results in singularity conditions.
As indicated by Eqs. (6) and (7), the relationship between ‘‘TP1 ’’
and ‘‘TP2 ’’, which are the travel times of the two used paths, is
as follows:
t rP1 + tP1 = t rP2 + tP2 . (17)
Using Eq. (1), it can be written that:
t rP1 =
−
a∈P1
ta [(1+ αr).xa] , (18)
tP1 =
−
a∈P1
ta[xa], (19)
t rP2 =
−
a∈P2
ta[(1+ αr).xa], (20)
tP2 =
−
a∈P2
ta[xa]. (21)
Also if 1+ αr = kr , then Eq. (17) can be rewritten as:−
a∈P1
(ta[kr .xa] + ta[xa]) =
−
a∈P2
(ta[kr .xa] + ta[xa]). (22)
Similar to the used paths for unused path ‘‘P3’’, we have:−
a∈P1
(ta[kr .xa] + ta[xa]) ≤
−
a∈P3
(ta[kr .xa] + ta[xa]). (23)
The fuzzy equilibrium can be written as:
f rsP .
−
a∈P
[ta(kr .xa)+ ta(xa)] − (t rrs + trs)

= 0 ∀ P, r, s, (24)
−
a∈P
[ta(kr .xa)+ ta(xa)] ≥ (t rrs + trs) ∀ P, r, s, (25)−
P
f rsP = qrs ∀ r, s, (26)
f rsP ≥ 0 ∀ P, r, s. (27)
In the above formulation, t rrs and trs are the MF center and the
right limit of the shortest path PTT between origin ‘‘r ’’ and
destination ‘‘s’’, respectively.
The followingmathematical programming proves the singu-
larity of the traffic assignment results:
min z(x) =
−
a∈A
∫ xa
0
[ta(w)+ ta(kr .w)].dw, (28)
s.t.−
P
f rsP = qrs ∀ r, s, (29)
xa =
−
r
−
s
−
P
f rsP .δ
rs
a,P ∀ a, (30)
f rsP ≥ 0 ∀ P, r, s. (31)
It is easy to show that the above mathematical programming
describes the FITA concepts. The main concept used to prove
the singularity of the above program solution is derived from
Sheffi [19]. According to this reference, to obtain optimum
conditions for the UE problem, the second constraint in
the above mathematical program is overlooked, whereas the
results below adhere to this constraint:
∂ fa
∂ f rsP
= δrsa,P , (32)
∂ f rsP
∂ f mnL
= 0 ∀ (r, s) ≠ (m, n), P ≠ L. (33)
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as follows:
L(f , u) =
−
a∈A
∫ fa
0
[ta(w)+ ta(kr .w)].dw
+
−
(r,s)∈ OD
urs

qrs −
−
P
f rsP

. (34)
OD is the set of all origins-destinations, and A is the set of all
network links.
At the first step, ∂L(f ,u)
∂ f rsP
is computed as follows:
∂L(f , u)
∂ f rsP
=
∂

−
a∈A
∫ fa
0
[ta(w)+ ta (kr .w)] .dw
+
−
(r,s)∈OD
urs

qrs −
−
P
f rsP


∂ f rsP
=
∑
a∈A
∂
 fa
0 [ta(w)+ ta(kr .w)] .dw

∂ fa
∂ fa
∂ f rsP
− urs
=
−
a∈A
[ta(fa)+ ta(kr .fa)] ∂ fa
∂ f rsP
− urs. (35)
Using Eq. (32), we can rewrite Eq. (35) as:
∂L(f , u)
∂ f rsP
=
−
a∈A
[ta(fa)+ ta(kr .fa)]× δrsa,P − urs
=
−
a∈P
[ta(fa)+ ta(kr .fa)]− urs. (36)
According to the Kuhn-Tucker first-order optimality condi-
tion [19]:
f rsP .
−
a∈P
[ta(fa)+ ta(kr .fa)]− urs

= 0 ∀ P, r, s, (37)
−
a∈P
[ta(fa)+ ta(kr .fa)] ≥ urs ∀ P, r, s, (38)−
P
f rsP = qrs ∀ r, s, (39)
f rsP ≥ 0 ∀ P, r, s. (40)
If ‘‘P1’’ and ‘‘P2’’ are assumed to be two used paths from origin
‘‘r ’’ to destination ‘‘s’’, then:
f rsP1 > 0⇒
−
a∈P1
[ta(fa)+ ta(kr .fa)] = urs, (41)
f rsP2 > 0⇒
−
a∈P2
[ta(fa)+ ta(kr .fa)] = urs. (42)
Therefore:−
a∈P1
[ta(fa)+ ta(kr .fa)] =
−
a∈P2
[ta(fa)+ ta(kr .fa)] = urs. (43)
If ‘‘P3’’ is an unused path, then:
f rsL = 0⇒
−
a∈P3
[ta(fa)+ ta(kr .fa)] ≥ urs. (44)
Now, we should prove that the solution is singular. In order to
prove this concept, we should show that the feasible solution
space is convex, and also that the Hessian matrix is positively
definite or that the objective function is strictly ascendant.Because the mathematical programming constraints are in
an equality form, the feasible space is thus convex. In order
to prove that the objective function is strictly ascendant, it
should be contemplated that ascendant function, ta, is only a
function of the link ‘‘a’’ volume (fa), such that following results
are concluded:
∂ta
∂ fb
= 0 ∀ b ≠ a, (45)
∂ta
∂ fa
> 0. (46)
The objective function is:
z(f ) =
−
a∈A
∫ fa
0
[ta(w)+ ta(kr .w)].dw. (47)
The first and second partial derivatives of z(f ) are used to show
that the objective function of the mathematical programming
is ascendant:
∂z
∂xa
= 0+ ∂
∂xa
.
∫ fa
0
[ta(w)+ ta(kr .w)].dw
= ta(fa)+ ta(kr .fa), (48)
wherein kr is a positive number. It is simple to show that
ta(kr .fa) is an ascendant function, and its summation with
another ascendant function, ta(fa), results in an ascendant
function:
∂2z
∂xa.∂xb
=
0 b ≠ ad[ta(fa)+ ta(kr .fa)]
dfa
= g(fa) ≥ 0 b = a. (49)
The Hessian matrix is as follows:
∇2z(x) =

∂2z(x)
∂x21
∂2z(x)
∂x1.∂x2
· · · ∂
2z(x)
∂x1.∂xn
∂2z(x)
∂x2.∂x1
∂2z(x)
∂x22
· · · ∂
2z(x)
∂x2.∂xn
...
...
. . .
...
∂2z(x)
∂xn.∂x1
∂2z(x)
∂xn.∂x2
· · · ∂
2z(x)
∂x2n

=

g(f1) 0 · · · 0
0 g(f2)
...
. . .
...
0
0 · · · 0 g(fn)
 . (50)
The matrix shown above is a diametrical matrix wherein the
elements on its diameter are all positive numbers. The value of
n is equal to the total number of links. A diametrical Hessian
matrix with positive elements on its diameter is a positive
definite matrix [19]. In other words, the objective function is
strictly ascendant; therefore, the mathematical programming
of the FITA has a singular solution.
The following fuzzy shortest path algorithm can be used to
find the shortest path between the origin and destination in
Step 1. Suppose the following:
V the set of all nodes;
S the set of labeled nodes;
S¯ the set of unlabelled nodes;
φ˜(zv) the fuzzy length (fuzzy travel time) of link (z, v);
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Table 1: Example network free-flow travel time and link capacity.
Link (1, 2) (1, 3) (2, 3) (2, 4) (1, 4) (3, 4)
t0 4 5 7 7 17 7
c 200 150 250 250 300 250
d˜(v) the fuzzy length from the origin to node v (current
node);
l(v) the node before v in the shortest path from the origin
(previous node);
i the algorithm step counter;
T the tree graph from s;
s the origin;
zi the (i+ 1)th labeled node;
neighbor(zi) the set of nodes that connect to node zi with only
one link.
The shortest path algorithm is as follows:
Step 1 Initialization:
Set: d˜(s) = (0, 0, 0), S = {s}, S¯ = V − {S}, z0 = s,
i = 0;
Set: d˜(v) = ∞, l(v) = s ∀ v ≠ s.
Step 2 Update S, S¯ and d˜(v):
2-1 d˜(v) = min

d˜(v), d˜(zi)+ φ˜(ziv)

∀ v ∈ S¯ ∩ neighbor
(zi);
If d˜(v) = d˜(zi)+ φ˜(zi, v), then l(v) = zi.
2-2 Find zi+1 such that:
min
v∈S {d˜(v)} = d˜(zi+1);
2-3 S = S ∪ {zi+1}, S¯ = S¯ − {zi+1}.
Step 3 If i = n− 1, stop; otherwise, i = i+ 1 and go to Step 2.
Ramezani et al. [21] show that this algorithm finds the shortest
path between the origin and destination in a network with
fuzzy travel time.
5. Numerical examples
First, the algorithm is used for a small network to show the
implementation of the FITA algorithm. Assuming the network
depicted in Figure 3, which consists of four nodes and six links
the travel time function of the links is as follows:
t(x) = t0.
[
1+ 0.15×
 x
c
4]
. (51)
The values of capacity (c) and free-flow travel time (t0) that are
considered for each link are presented in Table 1.
The demand for origin ‘‘1’’ to destination ‘‘4’’ is 700 vehicles
per time unit. Our aim is to specify the paths that drivers choose
to get to the destination. The model parameters are assumed to
be αr = αl = 0.2 and N = 100.Figure 4: Degree of saturation variation due to αr changes.
Table 2 depicts the results of assignment after using the
FITA for 100 iterations. The degree of saturation is equal to the
proportion of traffic volume to link capacity. Table 3 indicates
the I3 values for the paths. Table 3 shows that the index value
of the used paths is close to 0.5. However, the index value of
unused paths is 0.
The algorithm results should determine when the parame-
ters, αr and αl, change, and a sensitivity analysis should be per-
formed. Because index I3 is applied to find the shortest path and
because this index is only sensitive to the right limit of theMF, it
is expected that the variation of αl will have no effects. The val-
ues of αr are considered to be equal to 0, 0.2, 0.4, 0.6, 0.8, and
1.0. The traffic flows in each link and the degree of saturation
have been changed. Figure 4 illustrates how the results change
for link ‘‘(1, 4)’’ as an under-saturated link and link ‘‘(1, 3)’’ as
an over-saturated link. According to Figure 4, it can be deduced
that unlike under-saturated links, over-saturated links see an
increase in the uncertainty of travel time and a reduced link de-
gree of saturation and traffic flow.
The FITA was applied to a large-scale, real transportation
network in Mashhad, which is one of the largest cities in Iran.
The city of Mashhad is divided into 141 traffic zones, and it
has a street network with 935 nodes, 2538 links and 7157
origin–destination pairs with a non-zero observed demand.
An origin–destination survey with house interviewing was
conducted. Data were gathered from 4% of the households and
were validated by observation from several screen lines in the
study area. Traffic volumes of 118 links were simultaneously
countedwith data gathering during peakhours [22,23]. Figure 5
shows the Mashhad city network and observed links.
The FITA was converted to a computer program using
C++ language, and was run by a computer with a Pentium r⃝
Dual-Core 2.10 GHz processor, with 4.00 GB of RAM. The fuzzy
assignment algorithm computed traffic volumes in each link in
four minutes.
The FITA algorithmwas used to assign traffic to theMashhad
network. This algorithm was run for different values for αl and
αr , which are assumed to be equal (αl = αr = α). For different
values, the estimated volumes of 118 links were compared to
the observed values. The observed valueswere gathered in peak
hours, and the link volumeswere also estimated for peak hours.
The average Mean Square Error (MSE) was defined in order to
compare link volumes to observations for different values for α.
196 H. Ramazani et al. / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 190–197Table 2: Final assignment results of the FITA for 100 iterations.
Link (1, 2) (1, 3) (2, 3) (2, 4) (1, 4) (3, 4)
Traffic volume 287 217 0 287 196 217
Degree of saturation 1.435 1.45 0 1.148 0.65 0.87Figure 5: Mashhad city network and observed links.
Table 3: The I3 values after running the FITA.
Route (Sequence
of nodes)
1, 4 1, 2, 4 1, 3, 4 1, 2, 3, 4
I3 Value 0.5 0.5 0.45 0
The MSE is defined as below:
Average MSE =
n∑
i=1
(OVi − EVi)2
n
, (52)
where:
OVi observed volume of link ‘‘i’’;
EVi estimated volume of link ‘‘i’’;
n number of links.
Figure 6 illustrates how the accuracies of the estimated link
volumes changed with different values of α. The α values vary
between 0 and 2.6. The MSE values changed from 0.35 to 0.19
for α values of 0 to 2.0, respectively. After α = 2, the MSE
value increased and thus the estimation accuracy decreased.
Therefore, we choose α = 2.
If α = 2 is used to define the membership functions for
Mashhad network link travel times, the travel time for an
example of link ‘‘a’’ will be shown using the following three
parameters:
t˜a = (t l = t0a , tc = ta(xa), t r = ta[3× xa]),
where t˜a, t0a and ta(xa) are the PTT, free-flow travel time
and travel time function for link ‘‘a’’, respectively. Because
α is greater than 1 and the left boundary cannot be a
negative number, it is assumed that the free-flow travel time is
equivalent to theminimum lower bound of the link travel time.
The upper bound of the travel time is equal to the link travel
time when the link volume is three times its observed volume.
The FITA algorithm’s estimation accuracy is compared to
two existing assignment algorithms (the UE conventionalFigure 6: MSE of link volume estimation for different α values.
assignment method and Dial’s stochastic loading method)
to see how the fuzzy model influences the estimations.
The three graphs depicted in Figure 7 compare the three
assignment algorithms. The computational platforms for the
three algorithms are the same, and the assignment processing
times are not considerably different between the algorithms.
The x-axes of these graphs correspond to estimated assigned
volumes, whereas the y-axes correspond to observed volumes.
A trend line passes through the points, and the R2 value, as
well as the trend line equation, is included in the figures. As
R2 approaches 1, the accuracy of the estimated volume, in
comparison to the observed volume, increases. It is expected
that the trend line coefficient and constant will approach 1
and 0, respectively. The trend line equation formed using FITA
estimated volumes fits observed volumes better than the other
two trend line equations. Consequently, the use of perceived
travel times, instead of definite travel times, in the FITA will
increase the accuracy of the assignment model.
6. Conclusion
This paper used the PTT of routes in the assignment
algorithm instead of exact travel times, which are used in
conventional models. The PTT is the driver perception of a
route’s travel time to the destination, which, for a distinct route,
will be different for different drivers. There is uncertainty in
the PTT of a route, thus fuzzy set theory which is useful for
dealing with uncertainty imbedded in human perception was
utilized to model PTT. A triangular MF was defined for each PTT
to show the possible values for the range of travel times that are
perceived by drivers in route choice.
The decision process of drivers for route choice, according
to the PTT definition, explains how drivers compare and
choose the shortest path to their destination. Dubois and
Prade’s rankings of fuzzy numbersmostly describe this process.
Fuzzy equilibrium, based on this ranking method, and an
incremental assignment algorithm that approximately reaches
this equilibrium was introduced to assign trip demand to the
network links. An example network that used the FITA for traffic
assignment was presented to demonstrate an implementation
of the FITA model. The FITA and algorithm accuracy were
compared to two existing assignment algorithms, specifically
the UE and Dial methods, in the real and large traffic network of
H. Ramazani et al. / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 190–197 197Figure 7: Comparison of links’ observed volumes with: (a) UE estimation,
(b) FITA estimation and (c) Dial’s estimation.
Mashhad. The traffic volumes that were estimated by the FITA
and conventional algorithms were compared to real observed
volumes wherein it was demonstrated that the FITA is more
accurate than conventional algorithms.
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